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ABSTRACT
Purpose Overexpression of the serine protease urokinase (uPA)
is recognised as an important biomarker of metastatic disease and
a druggable anticancer target. Plasminogen activator inhibitor
type-2 (PAI-2/SerpinB2) is a specific uPA inhibitor with proven
potential for use in targeted therapy. However, PAI-2 is rapidly
cleared via the renal system which impairs tumor uptake and
efficacy. Here we aimed to improve the pharmacological proper-
ties of PAI-2 by site-specific PEGylation.
Methods Several cysteine to serine substitution mutants were
generated for PEGylation with PEG-maleimide (size range 12–
30 kDa) and the physico-chemical and biochemical properties of
the PEG-PAI-2 conjugates characterised. Radiolabeled proteins
were used for evaluation of blood clearance and tissue uptake
profiles in an orthotopic breast tumor xenograft mouse model.
Results PEGylation of the PAI-2C161S mutant gave a predomi-
nant mono-PEGylated-PAI-2 product (~90%) with full uPA in-
hibitory activity, despite a significant increase in hydrodynamic
radius. Compared to un-PEGylated protein the plasma half-life
and AUC for PEG20-PAI-2

C161S were significantly increased. This
translated to a 10-fold increase in tumor retention after 24 h
compared to PAI-2C161S, an effect not seen in non-target organs.
Conclusions Our data underscores the potential for PEG20-PAI-
2C161S drug conjugates to be further developed as anti-uPA
targeted therapeutics with enhanced tumor retention.
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ABBREVIATIONS
AUC Area under the curve
BD Biodistribution
ΔCD-loop CD-loop deleterious mutant
EPR Enhanced permeability and retention
ECM Extracellular matrix
i.v. Intravenous
ID/g Injected dose per gram
IEC Ion exchange chromatography
MALDI TOF – MS Matrix-assisted laser desorption/ionization

time-of-flight – mass spectrometry
PK Pharmacokinetic
PAI-2 Plasminogen activator inhibitor type-2
PEG Polyethylene glycol
uPA Urokinase plasminogen activator
uPAR Urokinase plasminogen activator receptor

INTRODUCTION

Uncontrolled, overexpression of the urokinase plasmino-
gen activation (uPA) system plays a key role in tumor
invasion and metastasis by facilitating an increased abil-
ity of both tumor and tumor-associated cells to generate
the highly destructive proteolytic enzyme plasmin and
breakdown tissue barriers (1,2). Urokinase is synthesized
and released in circulation as a zymogen (pro-uPA)
whose activation is largely dependent and markedly
accelerated upon binding to specific cell-surface uPA
receptors (uPAR). Receptor-bound uPA activates plas-
minogen at the cell surface and thus promotes tissue
degradation and remodelling of the local extracellular
environment (3,4). This is achieved by initiating a cas-
cade of pericellular, proteolytic events which can direct-
ly and indirectly (via activation of pro-metalloproteases;
MMPs) degrade integral extracellular matrix (ECM)
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molecules. Further, plasmin can activate various growth
factors and cytokines leading to the induction of signal-
ling events responsible for increased chemoattraction,
cell migration and metastasis (5). Elevated cell surface
uPA is now proven to be a critical marker of invasion
and metastasis in most solid tumors and is the only
breast cancer marker with level 1 (highest) evidence
for a poor prognosis (6–8). uPAR is also expressed in
the tumor stroma which translates to an aggressive
tumor phenotype and poor relapse-free survival (2,9).
Thus, uPA/uPAR represents a selective target for the
development of anti-tumor/metastasis treatments
(2,10,11).

Binding of cell surface, receptor bound uPA by the specific
uPA inhibitor plasminogen activator inhibitor type-2 (PAI-2,
SerpinB2) results in receptor-mediated endocytosis of the
uPAR/uPA:PAI-2 complex (12–15). PAI-2 is thus able to
efficiently and specifically deliver and concentrate
covalently-bound therapeutic molecules within targeted cells.
Previously, we have shown both wild-type and mutant forms
of PAI-2 to preferentially target cytotoxins (16,17) and thera-
peutic radionuclides (18,19) to uPA-positive metastatic cancer
cells in vitro and in vivo. Wild-type PAI-2 (47 kDa, non-
glycosylated) contains a unique 33 amino acid loop between
α-helices C and D (CD-loop) (6). This loop may be involved in
secondary molecular interactions (20), yet is not required for
the inhibitory function of PAI-2 and does not impact on the
endocytosis properties of the uPAR/uPA:PAI-2 complex

(20,21). Thus, recombinant PAI-2 CD-loop deleterious mu-
tant (PAI-2 ΔCD-loop; ~44 kDa; Fig. 1) serves as a good
platform for further molecular modifications of PAI-2
that is designed solely for uPA targeting. PAI-2 is also
non-immunogenic and is highly stable in the circulation;
however its permanence in the body is limited by rapid
renal elimination resulting in a low total dose reaching
the tumor (22,23). Although this excretion profile is
ideal for diagnostic tumor imaging; it is important to
further increase the tumor uptake of PAI-2 in order its
potential as a therapeutic delivery agent.

Several approaches exist to modulate the pharmacoki-
netic (PK) and biodistribution (BD) profiles of peptides and
proteins to prolong circulation time in the body. The most
common method involves conjugation to a polymer such as
polyethylene glycol (PEG) (24–26). The hydrophilic nature
of PEG creates a protective water shell around the coupled
protein and as a result increases the residence time of the
drug in the blood stream, thereby increasing bioavailability
and clinical potency (25,27). PEGylation also offers addi-
tional advantages such as increased molecule solubility and
stability (physical and thermal), protection against enzymat-
ic degradation, decrease in clearance time (due to retarda-
tion of renal clearance) and reduced immunogenicity and
toxicity (26). Coupling of PEG to polypeptides is most often
achieved through conjugation to primary amine, carboxyl
or thiol groups. Notably, the shape and number of PEG
moieties attached affects the stability and efficacy of the
drug conjugate (25). PEG location is therefore critical as
non-specific PEGylation, particularly near the active site
can result in an overall reduction in protein bioactivity.
Site-specific PEGylation can therefore be achieved through
the introduction of cysteine residues by genetic engineering,
a strategy that offers fewer, more precise sites for PEG
attachment and ultimately reduces heterogeneity whilst pre-
serving activity (25). Human PAI-2 ΔCD-loop has four
native cysteines in positions 5, 145, 161 and 405 (Fig. 1),
none of which are required for the inhibitory function of
the protein (28). These residues are therefore amenable
to mutagenesis for the purpose of introducing groups
that react chemoselectively with maleimide functional-
ized PEG.

In this study, different cysteine to serine substitution mu-
tants were created on the PAI-2ΔCD-loop backbone. Purified
recombinant mutant protein was used for site-directed
PEGylation in an overall effort to improve the pharmacolog-
ical properties of PAI-2. Four recombinant mutants; PAI-2
ΔCD-loop, PAI-2 ΔCD-loop C145S, PAI-2 ΔCD-loop
C161S and PAI-2 ΔCD-loop C5/145/405S (referred to as
PAI-2, PAI-2C145S, PAI-2C161S and PAI-2C5/145/405S, respec-
tively hereafter) were PEGylated with three different sized
PEG molecules (12 kDa, 20 kDa and 30 kDa PEG) and their
physico-chemical and uPA inhibitory activity properties

Fig. 1 The X-ray crystal structure of PAI-2 Δ CD-loop. The serpin molecule
contains nine α-helices and three β-sheets with a mobile reactive centre loop
(RCL) protruding from the dominant β-sheet A at the top of the molecule (not
shown). Cysteine residues at positions 5, 145, 161 and 405 are shown as
spheres on ribbon backbone colored in rainbow from amino (indigo) to
carboxy (red) terminus. Amino acid numbering corresponds that of wild-
type PAI-2. hF=alpha helix F. Structure coordinates are from PDB ID 1BY7
(34); the figure was produced using PyMOL (www.pymol.org).
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assessed. Finally the PK, BD and tumor uptake properties of
125I-PAI-2C161S and 125I-PEG20-PAI-2

C161S were compared
in an orthotopic, breast tumor xenograft mouse model.

MATERIALS AND METHODS

Reagents

All chemicals were purchased from Sigma-Aldrich unless
otherwise indicated. The pQE9 vector and M15[pREP4]
E. coli were obtained from QIAgen; Oligonucleotides were
purchased from Sigma-Genosys. QuikChange site-directed
mutagenesis kit was from Stratagene (La Jolla, CA). L21 Star
(DE3) E. coli was from Invitrogen and IPTG from Applichem.
High molecular weight (HMW)-uPA from American
Diagnostica; Ampicillin and kanamycin from Amresco; TAL-
ON metal affinity resin from Clontech; BamHI restriction en-
zyme, shrimp alkaline phosphatase and T4 DNA ligase from
Fermentas. Pfu HS Fusion II DNA polymerase was purchased
from Stratagene, PD-10 desalting columns from GE BioSci-
ences. Methoxy polyethylene glycol (PEG) maleimide (with
molecular weights of 12 kDa, 20 kDa and 30 kDa, PEG12–30)
were purchased from NOF Corporation (Japan). Na-125I was
purchased from PerkinElmer and EDTA animal blood tubes
were obtained from Interpath Services Pty Ltd.

Mutagenesis

For simplicity we refer to the PAI-2 ΔCD-loop mutant and its
derivatives as PAI-2 unless otherwise specified. Note that
amino-acid numbering within the PAI-2 mutants corresponds
to that of the wild-type PAI-2. Generation of the single mutants
PAI-2 ΔCD-loop C145S (PAI-2C145S) and PAI-2 ΔCD-loop
C161S (PAI-2C161S), and triple mutant PAI-2 ΔCD-loop C5/
145/405S (PAI-2C5/145/405S) were performed by site-directed
mutagenesis of pQE9/PAI-2 ΔCD-loop (PAI-2) as previously
described (21). Expression and purification of all mutants was
performed using the pQE9 vector system as previously de-
scribed (21). All mutants were confirmed to retain their inhib-
itory activity as determined by the formation of high molecular
weight complexes with uPA (data not shown).

PEGylation of PAI-2 and PAI-2 Mutants

PEGylation reactions were performed according to the man-
ufacturer’s instructions with minor modifications. Briefly,
DTT reduced or non-reduced PAI-2, PAI-2C145S, PAI-
2C161S and PAI-2C5/145/405S (>1 mg/mL) in PBS (pH 7.4)
were reacted with 20–40-fold M excess of activated PEG (in
dH2O) for 2–4 h at RT (with shaking), then at 4°C overnight
(unless otherwise stated). Samples were assessed for degree of
PEGylation by 10% SDS-PAGE under reducing conditions

and visualized after staining with Coomassie blue. Relative
abundance was calculated by densitometry (ImageJ 1.45 Soft-
ware, NIH). The ability of PEG-PAI-2 to form covalent, SDS-
stable complexes with uPA was confirmed after incubating the
various PEG-PAI-2 conjugates with HMW uPA (2:1) at 37°C
for 10 min as previously described (21) then fractionating by
SDS-PAGE as described above.

Purification of PEG-PAI-2C161S by Ion Exchange
Chromatography (IEC)

Purification of PEGylated PAI-2C161S was performed on the
AKTAPurifier (UNICORN5.01) using aHi Screen CaptoQ
ImpRes anion exchange column. The PEG20-PAI-2

C161S

conjugate was bound to the column in 20 Tris–HCl, pH 8.0
and eluted in fractions with 500 mM NaCl over 60 min at a
flow rate of 0.5 mL/min. The concentration of PAI-2 in the
collected fractions was determined by Lowry assay.

Matrix-assisted Laser Desorption/Ionization
Time-of-Flight—Mass Spectrometry (MALDI
TOF—MS)

Sample Preparation

The MALDI TOF analyses of PAI-2C161S and PEG20-PAI-
2C161S were performed according to the method described by
Seyfried et al. (29) with slight modifications. Firstly, for matrix
preparation, a mixture of acetonitrile, dH2O and
trifluoroacetic acid in 40:60:0.1 ratio was added to a matrix
aliquot of sinapinic acid to achieve a final concentration of
10 mg/mL. The mixture was mixed thoroughly by vortexing
for 30 s and then spun in a microcentrifuge at 14,000 rpm to
separate undissolved matrix and the supernatant was used for
further analysis. For sample preparation in the case of PAI-
2C161S, after the deposition of 0.5 μL of matrix solution onto
the target plate, approximately 0.5 μL of PAI-2C161S in
10 mM Tris buffer (pH 8.0) was injected onto the matrix
droplet and dried at RT. For PEG20-PAI-2

C161S, approxi-
mately 1 μL of matrix and 1 μL of PEG20-PAI-2

C161S in
10 mM Tris buffer (pH 8.0) were mixed thoroughly in an
eppendorf tube and 1 μL of the homogeneous solution was
deposited on the target plate and dried at RT.

Analyses

All measurements were performed in the linear positive ion
mode with an AXIMA Confidence instrument (Shimadzu
Biotech, Manchester, UK) equipped with a nitrogen laser
and applying a source voltage of 20,000 V, einzel lens voltage
of 6,500 V, pulsed extraction voltage of 2,625 V, reflectron
voltage of 24,400 V, linear detector voltage of 2,700 V, and
reflection detector voltage of 1,850 V. All analyses were
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performed by Dr. David Harman (NMR and MS Manager,
ARC Centre of Excellence for Electromaterials Science, In-
telligent Polymer Research Institute, University of Wollon-
gong) using the Shimadzu Biotech Axima Confidence soft-
ware (version 2.8.3).

Fluorogenic uPA Activity Assay

Various concentrations of PAI-2C161S and PEG12-30-PAI-
2C161S [to give molar ratios of 5 –0.31:1 (PAI-2:uPA)] were
diluted in reaction buffer (20 mM HEPES, pH 7.6, 100 mM
NaCl, 0.5 mM EDTA, 0.01% (v/v) Tween 20) and mixed
with fluorogenic substrate, Z-Gly-Gly-Arg-AMC in 180 μL
reaction buffer (final concentration 0.25 mM). After a brief
pre-incubation at 37°C, high molecular weight two-chain
active uPA (final concentration 0.75 nM) was added to start
the reaction and fluorescence emission measured immediately
at 37°C over 1 h. All assays were performed in triplicate and
values corrected by subtracting the background (reaction
buffer plus substrate only).

Radioiodination of Proteins

Recombinant human PAI-2C161S and PEG20-PAI-2
C161S

were radiolabelled with Na-125I using the iodo-bead proce-
dure and purified as previously described (22). 125I-PAI-2
preparations were stored at 4°C and used in experiments
within two weeks of iodination. Inhibitory activity of 125I-
PAI-2C161S and 125I-PEG20-PAI-2

C161S was confirmed by
their ability to form uPA:PAI-2 complexes as detected by
SDS-PAGE and autoradiography (data not shown).

Cell Lines and Animals

MDA-MB-231 human breast carcinoma cells were purchased
from American Type Culture Collection (ATCC; USA, dis-
tributed by Cryosite, Australia) and routinely cultured in
RPMI-1640 supplemented with 5% heat inactivated FCS at
37°C under a 5% CO2, 95% atmosphere. Cell viability and
cell number were assessed prior to experimentation using the
Trypan blue (Sigma-Aldrich) exclusion method, with viable
cells counted using a haemocytometer. Cell lines were rou-
tinely tested for Mycoplasma contamination and found to be
negative. Expression of cell surface uPAR, uPA and triple
negative tumor status was verified by indirect immunofluores-
cence using dual color flow cytometry or western blotting as
previously described (30). SPF-bred Balb/c nu/nu mice
were obtained from the Animal Resources Centre (Can-
ning Vale, WA, Australia) and were housed in a venti-
lated storage cabinet under positive pressure in
autoclaved filter-top cages. Animal experiments were
performed in compliance with the NHMRC Australian
Code of Practice for the care and use of animals for

scientific purposes and sanctioned by the University of
Wollongong Animal Care and Ethics Committee.
Orthotopic breast carcinoma xenografts were established
by subcutaneous injection of 1×106 MDA-MB-231 cells
into the first, left mammary fat pad of 5 week old
female Balb/c nu/nu mice and have been shown to
express uPA/uPAR (19). Tumors were allowed to grow
to approximately 300 mm3 in volume (4 weeks post
injection of tumor cells) and animals randomly allocated
into groups.

Biodistribution (BD) and Pharmacokinetics (PK)
of PEG20-PAI-2

C161S

BD and PK studies were conducted in mice 4 weeks after
tumor cell inoculation. Animals were injected intravenously
(i.v.) with a single bolus dose of 2 μCi (74 kBq) of 125I-PEG20-
PAI-2C161S or 125I-PAI-2C161S through the lateral tail vein
and sacrificed by overdose of CO2 between 10 min and 24 h
after injection. Blood was immediately collected into tubes
containing EDTA and plasma samples taken after centrifuga-
tion (2,000 rpm, 15 min) on a bench-top microcentrifuge
(5415C, Eppendorf). Major organs (i.e. liver, spleen and kid-
neys) and the tail (for dose correction) were collected and
weighed for further tissue/organ analysis. Radioactivity in
each sample was measured with a γ-counter (Wizard™ 3,
Perkin Elmer). The percentage of the injected dose (% ID)
in the organs was calculated by comparison to suitable dilu-
tions of the 125I-PEG20-PAI-2

C161S or 125I-PAI-2C161S stock.
The % ID per gram (% ID/g) of tissue was found by dividing
the % ID for each organ by the weight of the organ and
corrected for the amount of radioactivity remaining in the
tail. Blood clearance (PK) profiles were determined by plot-
ting the % ID remaining in the blood over time post radio-
tracer injection and fitted to a two phase exponential decay
model using GraphPad Prism V 5.1 for Windows (GraphPad
Software, San Diego CA USA). Due to the use of tracer doses
of 125I-PAI-2C161S and 125I-PEG20-PAI-2

C161S we did not
quantify the amount of intact/catabolized exogenous PAI-2
in this study. Four mice were used for each time point. The
average tumor volume of mice receiving 125I-PAI-2C161S or
125I-PEG20-PAI-2

C161S was 314.2 mm3 (±44.12) and
316.1 mm3 (±42.04), respectively.

Statistical Analysis

Statistical significance of treatment groups as compared
to control groups was determined using a two-way
ANOVA with a Bonferroni post-test or unpaired stu-
dents multiple t test with correction for multiple com-
parisons using the Šídák-Bonferroni method (GraphPad
Prism V 6.0; San Diego, CA, USA). P values<0.05
were considered statistically significant.
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RESULTS

Site-directed PEGylation of PAI-2C161S Results in a
Predominant Mono-PEGylated Product

Site-directed PEGylation of the PAI-2 mutants C161S,
C145S and C5/145/405S with 12, 20 and 30 kDa PEG
was achieved by reaction of purified PAI-2 with activated
maleimide derivatives of the polymer. The degree of
PEGylation was different for each mutant, such that PAI-
2C161S yielded a major mono-PEGylated product (>91%)
with a molecular weight of 57 kDa (Fig. 2), while PAI-2 and
PAI-2C145S generated a heterogeneous population of PEG-
PAI-2 species, with up to 4 PEG attachments per molecule
detected (Fig. 2). The most abundant protein species found for
PAI-2 and PAI-2C145S was tri-PEGylated (55 and 71%, re-
spectively). Reducing PAI-2C161S with DTT prior to
PEGylation found no difference in the proportion of PEG-
PAI-2 species obtained, irrespective of the size of the PEG
moiety attached (Fig. S1, Supplementary Information). Cova-
lent attachment of PEG to the triple mutant PAI-2C5/145/405S,
containing only a single cysteine at position 161, improved
upon the PEGylation profile of PAI-2C145S as a predominant
mono-PEGylated species was obtained (Supplementary Infor-
mation, Fig. S2). However, since the single mutant PAI-2C161S

also produced a mono-PEGylated product in high yield, and
contained fewer amino acid residuemodifications, this mutant
was utilized for subsequent investigations.

Purification of PEG20-PAI-2
C161S by Ion Exchange

Chromatography (IEC) and Confirmation of PEG
Attachment by MALDI-TOF MS

Mono-PEGylated PAI-2C161S conjugates were further puri-
fied to homogeneity using ion exchange chromatography.
Three charged PAI-2C161S species (peaks 1-3; Fig. 3a) were
detected by IEC after PEGylation with 20 kDa PEG. Mono-
PEGylated PAI-2C161S eluted as a single major peak (peak 2;
Fig. 3a) over 3 fractions, while di-PEGylated-PAI-2C161S (peak
1; Fig. 3a) eluted immediately prior to mono-PEGylated-PAI-
2C161S and un-PEGylated-PAI-2C161S (peak 3; Fig. 3a) eluted
immediately after. The order of elution was dependent on a
decrease in the dynamic binding capacity of the species due to
i) changes in the relative negative charge density on these
species caused by the neutral PEG chain and ii) the increased
mass transfer resistance associated with the large size of the
PEG molecule (31) (di-PEG-PAI-2C161S<mono-PEG-PAI-
2C161S<PAI-2C161S) (Fig. 3b, Lanes 5–10). MALDI-TOF
MS analysis of purified PEG20-PAI-2

C161S fractions obtained
from IEC confirmed the attachment of one (65,795.9 Da)
(Fig. 3d) and two (86,633.5 Da) (Fig. 3e) 20 kDa PEGmoieties
per PAI-2C161S molecule.

PEG-PAI-2 Conjugates Retain uPA Inhibitory Activity

All PAI-2 mutants and PEG-PAI-2 conjugates formed SDS-
stable complexes with uPA (see Supplementary Information
Fig. S2 for representative examples). The inhibitory capacity
of PEG-PAI-2C161S was quantitated using a fluorescence-
based uPA activity assay. No significant differences between
PEG12-30-PAI-2

C161S and unPEGylated PAI-2C161S were ob-
served across a range of molar concentrations as determined
by two-way ANOVA (Fig. 4). At a molar ratio of 0.6:1 (PAI-
2:uPA) the percent inhibition of total uPA activity decreased
as the size of the PEGmoiety attached increased, however this
finding was not statistically significant. Altogether, these re-
sults confirm that modification of cysteine residues by either
site-directed mutagenesis and/or PEGylation does not com-
promise the inhibitory activity of PAI-2.

Tumor Retention of PEG20-PAI-2
C161S is 10-times

Greater than PAI-2C161S at 24 h

The PK and BD profiles of 125I-PAI-2C161S and 125I-PEG20-
PAI-2C161S were determined over 1,440 min (24 h) after a
single i.v. administration to Balb/c nude mice bearing MDA-
MB-231 breast carcinoma xenografts. PK parameters were
calculated from a two-phase exponential decay model and are
summarized in Table I. The plasma clearance profiles of the
two proteins were significantly different with 125I-PEG20-PAI-
2C161S exhibiting a decrease in both the initial rate of drug
distribution (Kelim α=0.06±0.04 min−1 vs 0.02±0.01 min−1)
and drug elimination (Kelim β=0.001±0.001 min−1 vs 0.002
±0.001 min−1) compared to 125I-PAI-2C161S (Fig. 5). This
translated to a 3-fold increase in the distribution half-life
(T1/2 α=31.4 min vs 11.6 min) and a 2-fold increase in the
terminal half-life (T1/2 β=708 min vs 426 min) of the
PEGylated protein in the plasma. The area under the curve
(AUC) for 125I-PEG20-PAI-2

C161S was 5-times greater than
for 125I-PAI-2C161S (38,674 vs 7,537% ID/min/mL, respec-
tively). Likewise, the maximum concentration (Cmax) of radio-
activity in the plasma after 125I-PEG20-PAI-2

C161S injection
was significantly higher (P=0.0024) than for unPEGylated
protein. By 1,440 min, < 1% versus 12% of the radioactivity
remained in the plasma of mice injected with 125I-PAI-2C161S

compared to 125I-PEG20-PAI-2
C161S, respectively (Fig. 5).

Analysis of the BD patterns of major organs found that
kidneys accumulated the highest radioactivity levels, followed
by the liver and then the spleen and that this occurred within
the first 10 min after injection of either 125I-PAI-2C161S or
125I-PEG20-PAI-2

C161S into mice (Table II). The % ID/g
tissue for PAI-2C161S was on average 2 times higher than that
for PEG20-PAI-2

C161S in all organs at this peak time point
(Table II). For both forms radioactivity levels declined there-
after in all organs with no significant differences in
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radioactivity levels observed between the two treatment
groups from 180 min after injection.

Radioactivity levels in tumors peaked at 60 min (4.66±
0.51% ID/g) and 180 min (3.94±0.41% ID/g) after injection
of 125I-PAI-2C161S and 125I-PEG20-PAI-2

C161S, respectively,
though peak levels were not significantly different from each
other (Table II). Radioactivity levels decreased significantly
between 360 and 1,440 min (24 h) in tumors of mice treated
with 125I-PAI-2C161S, with the majority (99.8%) of radioactiv-
ity cleared from the tumors by the end of the observation
period. This decline was much less apparent in tumors of mice
treated with 125I-PEG20-PAI-2

C161S. While overall tumor up-
take was not significantly different between treatments as
determined by AUC values (10–1,440 min), the trend favours
uptake of PEGylated protein with 10 times the radioactivity
level remaining in the tumors of mice treated with 125I-
PEG20-PAI-2

C161S compared to 125I-PAI-2C161S 24 h after
injection (Table II; Supplementary Information, Fig. S3).

DISCUSSION

The inappropriate, up-regulated expression of the uPA system
plays a key role in tumour invasion and metastasis and is now
recognised as having strong prognostic relevance in node
negative breast cancer as well as being a therapeutic target
(2,6,11). PAI-2 is highly selective uPA inhibitor and a number
of studies have shown promising results using PAI-2 for the
delivery of radioisotopes and cytotoxins in anti-uPA targeted
therapy using (16,17,19,32). However, PAI-2 is rapidly
cleared via the renal system which results in low tumour

uptake (22). Previous work by our group comparing the
pharmacological properties of PAI-2 using different
radiolabelling methods also undertook preliminary analyses
of a 2.5 kDa branched-chain 123I-PEGylated PAI-2 ΔCD-
loop derivative which resulted in modest increases in blood
retention time and tumor uptake (23). This suggested that
further modifications with larger PEG molecules could im-
prove the accrual of PAI-2 in the tumor as it is widely reported
that the bioavailability of PEGylated proteins and peptides
increases with the size and/or number of PEG moieties at-
tached (27,33). The current study validates this approach and
lends weight to the further development of PEGylated PAI-2
as a therapeutic or diagnostic agent targeting the metastatic
biomarker uPA.

The degree of PAI-2 PEGylation appeared to be directly
proportional to the number of cysteine residues accessible for
conjugation. PAI-2 lacking the CD-loop has four cysteine
residues at positions 5, 145, 161 and 405; cysteines at positions
5 and 405 are buried deep within the molecule and are
typically disulfide bonded (Fig. 1) (28,34). In agreement with
this, PEGylation of the various PAI-2 mutants with 12, 20 or
30 kDa PEG found the single mutant PAI-2C161S (containing
cysteine residues at 5, 145 and 405), to yield a predominant
mono-PEGylated product, presumably at C145. Reducing
PAI-2C161S prior to PEGylation did not alter this result,
suggesting that the cysteine to serine mutation at position
161 leads to molecular stability of the modified protein, thus
maintaining the inaccessibility of C5 and C405 under reduc-
ing conditions. Conversely, PEGylation of PAI-2 or the single
PAI-2C145S mutant, lead to the generation of a heterogeneous
population of mono-, di- and tri-PEGylated species, where>
50% contained 3 PEG moieties/protein. Since C161 sits on

Fig. 2 Site-directed PEGylation of PAI-2 C161S. Native and cysteine substitute mutants of PAI-2 (PAI-2C145S and PAI-2C161S) were PEGylated with a 20-fold molar
excess of 12 kDa PEG (PEG12), fractionated under reducing conditions using 10% SDS PAGE and visualized after staining with Coomassie blue. Lane 1: mw
markers, Lane 2: PAI-2, Lane 3: PEG12-PAI-2, Lane 4: PAI-2

C145S, Lane 5: PEG12-PAI-2
C145S, Lane 6: PAI-2C161S, Lane 7: PEG12-PAI-2

C161S. Non-PEGylated PAI-
2 accounted for less than 10% of the protein detected in all cases.

1050 Vine et al.



helix F (Fig. 1), which is moderately mobile when the CD-loop
is absent (35), we predict that the attachment of bulky PEG

groups to cysteine at this position leads to molecular rear-
rangements that promote exposure of C5 and C405 for

Fig. 3 Purification and characterization of PEG20-PAI-2
C161S. (a) PEG20-PAI-2

C161S was injected onto a Hi Screen Capto Q ImpRes anion exchange column and
eluted using a linear NaCl gradient (0–500mM) (100% B) at a flow rate of 0.5 mL/min. Blue line: elution of protein at 280 nm, light green line: NaCl concentration,
light blue: percent conductivity, dark green line: relative pressure in the column. Peaks 1, 2, and 3 represent the elution of di-PEGylated, mono-PEGylated and
unPEGylated PAI-2 species, respectively. (b) SDS-PAGE showing different elution fractions of PEG20-PAI-2

C161S after purification using IEC. Samples were
resolved under non-reducing conditions using a 10% SDS-PAGE and visualized by staining with Coomassie blue. Lane 1: mwmarkers, Lane 2: PAI-2 C161S, Lane
3: unpurified PEG20-PAI-2

C161S, Lanes 4–10: elution fractions from IEC (approximately 4 μg protein loaded per lane). (c–e) MALDI-TOF MS of PEG20-PAI-
2C161S. The average molecular weight of un-PEGylated PAI-2C161S was calculated at 44,890.8 Da (c), PAI-2C161S+1×20 kDa PEG=65,795.9 Da (d) and PAI-
2C161S+2×20 kDa PEG=86,633.5 Da (e).

Fig. 4 PEGylated PAI-2 retains
uPA inhibitory activity against uPA.
The uPA fluorogenic substrate was
briefly pre-incubated with various
molar ratios of the PAI-2 forms or
buffer alone and the assays initiated
by the addition of uPA. Fluores-
cence units were converted to a
percentage of the maximal
(uninhibited) uPA activity. Values
shown are the means of triplicate
determinations±SD.
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subsequent reaction with PEG. In an effort to improve on the
PEGylation profile of PAI-2C145S and further control the site
of attachment of PEG units, we generated the triple mutant
PAI-2C5/145/405S where only a single cysteine at position 161
remained. It has been reported that the attachment of a single
large PEG molecule to one site is considered favorable over
the attachment of several smaller PEG chains to multiple sites,
as uni-site PEGylated proteins are more likely to retain their
activity due to the reduced chance of PEG attachment occur-
ring at a receptor binding domain (26). As expected,
PEGylation of the triple mutant PAI-2C5/145/405S with 12,

20 or 30 kDa PEG afforded mono-PEGylated protein prod-
ucts in high yield, all of which retained their uPA inhibitory
function (Supplementary Information, Fig. S2). However,
since disulfide bonds often connect specific structural compo-
nents of the serpin molecule together and afford enhanced
molecular stability (36), the single mutant PAI-2C161S, which
contains the C5-C405 disulfide bond and showed an equiva-
lent PEGylation profile to that of PAI-2C5/145/405S, was cho-
sen for further pharmacological evaluations.

For in vivo studies, the 20 kDa PEG moiety was selected to
conjugate to PAI-2C161S as a survey of the literature found
that the average size of PEG units for FDA approved protein-
polymer drug conjugates is 20 kDa (25). Both size and shape of
PEG is of major importance in determining tumor targeting
characteristics as it has been reported that the relative uptake
by tumor tissues is higher than normal tissues when the size of
the PEG molecule is greater than 10 kDa (37). Furthermore,
PEG with a molecular weight below 40–60 kDa is required to
minimize accumulation in the liver (38). We also find no
significant difference in the plasma clearance or tissue distri-
bution profiles of 12 kDa and 30 kDa 125I-PEG-PAI-2 conju-
gates after intraperitoneal administration to non-tumored
mice (Supplementary Information, Table S1). The present
study compared the BD and PK profiles of 125I-PAI-2C161S

and 125I-PEG20-PAI-2
C161S in Balb/c nudemice bearing uPA

positive, triple negative breast carcinoma xenografts and
found the PEGylated protein to yield superior blood residence
and tumor accumulation properties. After 24 h, less than 1%
of the radioactivity remained in the plasma of mice treated
with non-PEGylated PAI-2C161S, while >12 times the activity
was detected in the plasma of mice treated with PEG20-PAI-
2C161S. This increase in circulation time and hence bioavail-
ability, was found to correlate directly with an increase in the
accumulation of activity in the tumor, but most importantly,
not in secondary tissues. Such an effect can be attributed to
increased molecular size and hydrodynamic radius of the
modified protein above the glomerular filtration limit
(>60 kDa), leading to reduced renal clearance as well as
resistance of the PEGylated proteins to proteolysis, contribut-
ing to prolonged plasma half-life (39). A further explanation
may be ascribed to the enhanced permeability and retention
(EPR) effect. Briefly, due to the accelerated nature of tumor
angiogenesis, newly formed tumor vasculature tends to be
highly disorganized and hyper-permeable, allowing particles
in the range of 10–400 nm to pass through the vessel walls and
into the tumor microenvironment (40), whilst the tight endo-
thelium of normal vasculature does not allow such molecules
to escape circulation.

In this study we demonstrate that site-directed PEGylation
of PAI-2 does not affect the inhibitory activity of the serpin, yet
markedly increases circulation time and hence tumor reten-
tion after 24 h. Increasing the tissue-specific accumulation of
PEG-PAI-2 in the tumor to 10-times that of unPEGylated

Table I Comparison of the Pharmacokinetic (PK) Parameters of
Radioiodinated PAI-2C161S and PEG20- PAI-2

C161S in the Plasma of Mice After
i.v. Administration

PK parametersa 125I-PAI-2C161S 125I-PEG20- PAI-2
C161S

bCmax (% ID/mL) 32.2 (±6.75) 79.1 (±3.38)
cKelim α (fast) min−1 0.0596 (±0.0358) 0.0221 (±0.00670)

Kelim β (slow) min−1 0.00163 (±0.000350) 0.000980 (±0.000148)
dT1/2 α (fast) min 11.6 31.4

T1/2 β (slow) min 426 708

Correlation coefficient
(R2)

0.980 0.971

eAUC (% ID/min/mL) 7,537 38,674

a Values (3 sig. fig.) were calculated using a two-phase exponential decay
model using GraphPad Prism V6.0 software from data shown in Fig. 5
b Cmax maximum plasma concentration. Note: Tmax (the time required to
reach Cmax)=0 for i.v. administration
c Kelim α distribution rate constant, Kelim β elimination rate constant
d T1/2 α distribution half-life, T1/2 β elimination half-life
e AUC area under the curve

Fig. 5 Plasma clearance profiles of radioiodinated PAI-2C161S and PEG20-
PAI-2C161S. Radioactivity in the plasma of mice bearing human breast carci-
noma xenografts was measured at 10, 60, 180, 360 and 1,440 min post i.v.
administration of 125I-PAI-2C161S or 125I-PEG20-PAI-2

C161S. Values shown are
the means (n=4) of% ID/mL of plasma corrected for activity remaining in the
tail vein±SEM. The % ID remaining in the tail was always<5%.
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PAI-2 has the potential to translate to novel drugs with supe-
rior efficacy. Since proteins require parenteral administration
for systemic delivery, the extended plasma residence time of
PEG-PAI-2 may ultimately also translate to fewer injections
for therapeutic applications. Furthermore, PEGylation of sulf-
hydryl groups leaves lysine residues free for conjugation to
cytotoxins or radionuclides for therapeutic targeting. We are
currently developing such conjugates and in preliminary ex-
periments have successfully conjugated a potent anti-mitotic
cytotoxin N-alkylisatin (16) to PEG20-PAI-2

C161S via available
amine groups on the surface of the protein and found the
conjugate to retain uPA inhibitory and selective cell-killing
activities (unpublished observations). Taken together, our re-
sults further support the development of PEG-PAI-2 targeted
therapies for the treatment of uPA-positive cancers and points
to a prospective utility as a non-invasive diagnostic imaging
agent.
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